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Effect of blood ionised calcium 
concentration at calving on fertility 
outcomes in dairy cattle
Philippa Jane Mahen, Helen J Williams, Robert Frank Smith, David Grove-White
Clinical and subclinical hypocalcaemia are common in dairy cows, yet evidence in the literature assessing their 
impact on fertility is inconsistent. The aim of this prospective cohort study was to examine associations between 
blood ionised calcium concentration at calving and fertility outcomes in dairy cattle. Blood samples were taken 
from 137 Holstein cows from four commercial dairy herds within 24 hours of calving and analysed for blood 
ionised calcium using an Epocal Point of Care Analyser (Epocal, Ottawa, Canada). Data collected from routine 
veterinary fertility examinations and herd records were used to investigate the association of ionised calcium 
with the outcomes: time to first service, time to conception and endometritis. There were significant negative 
associations between blood ionised calcium concentration and time to first service (HR 1.33, P=0.001) and blood 
ionised calcium concentration and time to conception (HR 1.16, P=0.04). There was no significant association 
between blood ionised calcium concentration and endometritis. The results of this study imply that management 
policies that minimise the reduction in blood ionised calcium concentration in the periparturient dairy cow 
are likely to improve reproductive outcomes and should be considered as part of the multifactorial approach to 
optimising dairy cow fertility.
Introduction
Periparturient dairy cows have a sudden increase in 
demand for calcium. The requirement for fetal growth 
in late gestation is only 10 g of calcium per day, but 
at calving this increases to 30–50 g/day for colostrum 
production.1 The homeostatic mechanisms controlling 
calcium concentration in the blood are often unable 
to respond quickly enough to meet this requirement. 
Consequently, clinical and subclinical hypocalcaemia 
are common in dairy cows.2 3 Clinical hypocalcaemia, 
or ‘milk fever’, shows a set of progressive signs; from 
initial lethargy and inappetence via hyperaesthesia 
and ataxia to recumbency, postural bloat and death.4 
Cows with subclinical hypocalcaemia have none of the 
external signs of clinical hypocalcaemia but have low 
blood calcium concentration and may have disturbance 
of physiological function.2 Reported incidences of 
subclinical hypocalcaemia range from 15 to 50 per cent 
of periparturient cows,5–11 with higher incidence seen in 
multiparous cows.7 9–11 The majority of hypocalcaemic 
episodes in dairy cattle occur in the first 24 hours after 
calving.6 12 13 
Within plasma, calcium exists in three forms: 
ionised, complexed and protein bound. Of these, ionised 
calcium (Ca2+) is the physiologically active form,14 
therefore measurement of plasma Ca2+ concentration is 
a direct measure of physiologically available calcium, 
unlike total plasma concentration.
There are a number of putative mechanisms by which 
hypocalcaemia may affect bovine fertility including 
reduction in uterine contractility,15–18 increased risk 
of negative energy balance,7 12 19 suppressed immune 
function19–21 and decreased ovarian blood flow.22
Evidence in the literature as to whether 
hypocalcaemia has a clinically relevant detrimental 
effect on bovine fertility is limited and inconsistent. 
There are few studies on the impact of subclinical 
hypocalcaemia on fertility; more often fertility has been 
assessed in relation to clinical hypocalcaemia.2 23 Of 
these, some studies have found no association between 
clinical hypocalcaemia and reproductive outcomes.24 25 
Other work has shown poorer reproductive outcomes in 
cows with clinical hypocalcaemia, including increased 
interval to first ovulation, longer luteal phase after the first 
ovulation,16 impaired ovarian cyclicity17 and increased 
times to both first service26 and conception.26 27 The 
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smaller number of studies investigating the effects of 
subclinical hypocalcaemia also have varied outcomes. 
Chamberlin et al12 demonstrated no difference between 
hypocalcaemic and normocalcaemic groups in the 
percentage of cows cycling at 50–60 days post partum, 
services per conception or time to conception. Wilhelm 
et al11 found no difference in time to first service 
or pregnancies per artificial insemination between 
hypocalcaemic and normocalcaemic cows. In contrast, 
other studies have shown hypocalcaemic cows to have 
reduced ovarian cyclicity at 49 days8 and be less likely 
to become pregnant to the first service.28 Caixeta et al29 
found that cows that exhibited hypocalcaemia over 
three consecutive days post partum (‘chronic subclinical 
hypocalcaemia’) were less likely to return to cyclicity 
and to become pregnant to the first service.
The aim of the present study was to examine the 
effect of blood Ca2+ concentration  in the immediate 
postpartum period on subsequent fertility in dairy 
cattle.
Materials and methods
The study design was reviewed and approved by the 
University of Liverpool Veterinary Research Ethics 
Committee prior to commencement of research 
(reference VREC318). Research was carried out under 
Project Licence 40/3478 issued by the UK Home Office 
under the Animals (Scientific Procedures) Act 1986.
Cows were recruited from four commercial year-
round calving Holstein dairy herds in north-west 
England. Herds had a routine veterinary fertility visit at 
least once per fortnight which included, as a minimum, 
examination of all cows at 21–35 days after  calving, 
pregnancy diagnosis at 28–49 days after service and 
examination of cows presented by the farmer as not 
observed in oestrus. All cows were served using artificial 
insemination. For each herd, fertility data were recorded 
on a database (Interherd, PAN Livestock Services, 
Reading). This included parity, calving date and 
whether assistance was given, service dates, pregnancy 
diagnosis results and results of fertility examinations, 
including presence of endometritis.30 The milk yield of 
each cow in the herd was downloaded from the parlour 
software monthly by a technician (National Milk 
Records, Chippenham or Cattle Information Service, 
Rickmansworth). This information was imported into 
the herd database (Interherd, PAN Livestock Services) 
which provided an estimate of 305-day milk yield for 
each cow.
All calving cows and heifers were eligible to be 
recruited onto the study unless the calving was 
deemed an abortion (fetus expelled prior to 271 days’ 
gestation31) or the animal had been treated with a 
calcium containing product prior to blood sampling, 
either since calving or in the 24 hours prior to calving.
Farmers were asked to notify researchers, by 
telephone or text message, as soon as was practicable 
after an eligible cow had calved so that a visit could be 
made within 24 hours of calving. At the visit,  a blood 
sample was taken from the coccygeal vein into a 6 ml 
lithium heparin-coated Vacutainer (BD, Franklin Lakes, 
USA). As soon as possible after sample collection an 
aliquot of blood was removed from the Vacutainer 
using a syringe and entered into an Epocal Point of Care 
Analyser (Epocal, Ottawa, Canada) for measurement 
of Ca2+ by selective electrode potentiometry.
The following information was recorded at the time of 
blood sampling: date and time of blood sampling, date 
and time of calving and body condition score (BCS).32 
Farmers were free to administer calcium-containing 
products after blood sampling, according to clinical 
need or on-farm protocols; these administrations were 
recorded by the farmer. Blood sampling took place 
between June 2015 and June 2016. Cows remained in 
the study until either they successfully conceived or 
they exited through death, sale from the herd, being 
designated a non-breeding animal by the farmer or 
reaching the end of the study period (March 31, 2017, 
ie, a minimum of nine months after blood sampling).
Data were collated in a spreadsheet (Excel 2013, 
Microsoft) and imported into Stata V.11 (StataCorp, 
College Station, USA) for statistical analysis. For ease of 
interpretation Ca2+ values were multiplied by 10 before 
analyses were performed. Parity was categorised as one, 
two, three and ‘four or higher’. BCS was categorised as 
less than 2.75, 2.75–3.25 and more than 3.25, and 
305-day milk yield was divided into terciles. The 
variable ‘Season of calving’ was created (where March 
to May=spring, June to August=summer, September to 
November=autumn and December to February=winter).
A multivariable linear regression model was fitted 
with blood Ca2+ concentration as the dependent 
variable. The variable ‘farm’ was forced into the model. 
Other initial covariates offered to the model were: time 
from calving to sampling, parity, BCS category, 305-day 
yield tercile and season. A backward stepwise model-
building strategy using the likelihood ratio test was 
employed, taking P<0.2 for retention of a variable in the 
final model.
Reproductive outcomes assessed were time to 
first service, time to conception and occurrence of 
endometritis.
The association between time to first service or 
time to conception and blood Ca2+ concentration was 
investigated using a Cox proportional hazards model. 
The data were right censored; cows that exited the 
study before undergoing the event in question (first 
service or conception) were deemed censored and the 
days between calving and censoring recorded. Blood 
Ca2+ concentration and farm were both forced into the 
model. Other covariates included in the initial model 
were: parity, BCS category, 305-day yield tercile, 
season, assistance at calving, whether calcium was 
administered after sampling and endometritis. A 
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backward stepwise model-building strategy using the 
likelihood ratio test was employed, taking P<0.2 for 
retention of a variable in the final model.
The association between blood Ca2+ concentration 
and endometritis was assessed using multivariable 
logistic regression. A backward stepwise approach to 
selection of explanatory variables was employed, as 
outlined previously. Blood Ca2+ concentration and farm 
were forced into the model. Other covariates included 
in the initial model were: parity, BCS category, 305-day 
yield tercile, season, assistance at calving and whether 
calcium was administered after sampling.
In all analyses, results were considered significant at 
P<0.05.
Results
One hundred and thirty-seven cows were enrolled in the 
study, the characteristics of the study population are 
shown by farm in Table 1. The median parity of study 
cows was 2 (IQR 1–3) and the mean 305-day milk yield 
of the previous lactation (for cow parity 2 or above) was 
9286 litres (sd 2317 litres). Exogenous calcium was 
administered to 36/137 (26 per cent) cows subsequent 
to the blood sample being obtained; the majority of 
these cows were on farms 1 and 3 as they had policies 
of administering oral calcium boluses after calving 
to all cows of parity 3 or above. Of the 137 animals 
included in the study, 125 (91 per cent) received a first 
service. Twenty-two cows exited the breeding herd 
before conceiving, one cow reached the end of the study 
period without having conceived, the remaining 114 
(83 per cent) cows conceived.
Blood Ca2+  concentrations obtained in the 
first 24 hours after calving ranged from 0.53 to 
1.32 mmol/l with a median of 1.06 mmol/l (figure  1). 
Following backward stepwise elimination, the final 
linear regression model (Table  2) suggested that 
Ca2+ concentration was associated (P<0.05) with season 
of calving, BCS and parity.
An increase in blood Ca2+  concentration was 
associated with a reduction in the time to first service 
(HR 1.33 per 0.1 mmol/l change in Ca2+, P=0.001). 
Increased parity was also associated with a reduced 
time to first service, while presence of endometritis 
was associated with an increased time to first service 
(Table 3).
An increase in blood Ca2+  concentration was 
associated with a reduction in the time to conception 
(HR 1.16 per 0.1 mmol/l change in Ca2+, P=0.04). 
Assistance at calving and presence of endometritis 
were associated with an increase in time to conception 
(Table 3).
There was no association between blood 
Ca2+  concentration at calving and the likelihood of 
a cow being diagnosed with endometritis (OR 1.22, 
P=0.29) (Table 4). However, administration of calcium 
after calving was associated with a decreased likelihood 
of endometritis being diagnosed. Calving during 
the summer months was associated with a greater 
likelihood of endometritis.
Discussion
This prospective cohort study investigated associations 
between blood Ca2+  concentration after calving and 
reproductive outcomes in dairy cattle. Blood samples 
were taken within the first 24 hours post  partum, 
since previous studies demonstrated that the majority 
of hypocalcaemic episodes in dairy cattle occur in 
this period.6 12 13 The point in the 24-hour period 
at which cows were sampled had no significant 
association with blood Ca2+  concentration. Being of 
higher parity was a significant risk factor for lower 
TABLE 1:  Summary statistics of study population
Farm 1 2 3 4 Total
Number of cows enrolled in study 58 45 12 22 137
Parity
Median (range)
2 (1–8) 2 (1–6) 2 (1–2) 3 (1–6) 2 (1–8)
305-day yield last lactation if applicable (litres)
Mean (sd)
8999 (1831) 8757 (1908) 6806 (1378) 12,142 (1627) 9286 (2317)
Body condition score
Median (range)
2.75 (2.25–3.5) 3 (2.25–3.5) 3.125 (3–3.75) 3.25 (2.5–3.5) 3 (2.25–3.75)
Cows assisted at calving
Number of cows (%)
16 (28) 16 (36) 4 (33) 4 (18) 40 (29)
Cows that received calcium after sampling
Number of cows (%)
1 (2) 23 (51) 0 (0) 12 (55) 36 (26)
Voluntary waiting period (days) Parity 1 animals 70, 
others 50
60 42 50 NA
Endometritis
Number of cows (%)
11 (19) 13 (29) 6 (50) 4 (18) 34 (25)
Cows exiting before conception
Number of cows (%)
8 (14) 10 (22) 2 (17) 2 (9) 22 (16)
Blood ionised calcium concentration (mmol/l)
Mean (range)
1.04  (0.53–1.32) 0.98  (0.55–1.22) 1.12  (1.00–1.23) 1.02  (0.69–1.23) 1.02  (0.53–1.32)
Time between calving and blood sampling (minutes)
Mean (range)
640 (20–1433) 624 (2–1380) 694 (3–1440) 416 (20-825) 603 (2–1440)
NA, not applicable.
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blood Ca2+ concentration, in agreement with previous 
studies.7 9–11
There was a significant association between blood 
Ca2+  concentration in the first 24 hours after calving 
and time to first service. For every 0.1 mmol/l increase 
in blood Ca2+ there was a 33  per  cent increase in the 
chance of a cow being served at any given point in 
time (HR 1.33, P=0.001). There was also a significant 
association between blood Ca2+  concentration and 
time to conception. For every 0.1 mmol/l increase in 
Ca2+ there was a 16 per cent increase in the chance of 
a cow conceiving at any given point in time (HR 1.16, 
P=0.04). Interestingly, these associations remained 
true for increases in blood Ca2+  concentrations at the 
higher end of the range, indicating that there may be 
scope to improve fertility in cows previously considered 
to be normocalcaemic as well as increasing fertility 
by preventing subclinical hypocalcaemia. Therefore, 
management interventions in the dry period aimed at 
increasing blood calcium concentrations across the 
range, rather than aimed solely at hypocalcaemic cows, 
will likely offer most fertility benefits.
In contrast to the present study, Wilhelm et al11 
and Chamberlin et al12 found no association between 
blood calcium concentration and time to first service 
or time to conception, respectively. However, in both 
cases calcium concentration was considered as a 
binary variable, with cows classified as hypocalcaemic 
or normocalcaemic, rather than a continuous variable 
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Figure 1 Histogram of blood ionised calcium concentrations obtained in cows in the first 24 hours after calving (n=137).
TABLE 2:  Multivariable linear regression model for blood ionised calcium 
concentration (mmol/lx10) in the first 24 hours after calving
Variable Coefficient 95% CI P values
Farm
(Baseline: Farm 1)
  Farm 2 −1.00 −1.50 to −0.50 <0.001
  Farm 3 0.39 −0.49 to 1.26 0.38
  Farm 4 −0.27 −0.91 to 0.38 0.41
Season
(Baseline: Spring)
  Summer 0.15 −0.44 to 0.74 0.62
  Autumn 0.07 −0.55 to 0.68 0.83
  Winter −0.80 −1.38 to −0.21 0.01
Body condition score 
category
(Baseline: <2.75)
  2.75–3.25 0.39 −0.14 to 0.92 0.14
  >3.25 −0.28 −1.16 to 0.59 0.53
Parity
(Baseline: 1)
  2 −0.96 −1.51 to −0.41 0.001
  3 −1.14 −1.72 to −0.56 <0.001
  4 or higher −2.35 −2.88 to −1.83 <0.001
  Constant 11.49 10.87 to 12.12
TABLE 3:  Cox proportional hazards models for time to first service and 
time to conception
HR 95% CI P values
Time to first service
  Ca2+ (per 0.1 mmol/l change) 1.33 1.12 to 1.57 0.001
  Farm
  (Baseline: Farm 1)
   Farm 2 1.06 0.69 to 1.63 0.79
   Farm 3 2.47 1.15 to 5.33 0.02
   Farm 4 1.37 0.80 to 2.36 0.25
  Parity
  (Baseline: 1)
   2 1.45 0.83 to 2.55 0.19
   3 1.46 0.81 to 2.65 0.21
   4 or higher 3.23 1.60 to 6.52 0.001
  Endometritis 0.65 0.42 to 0.98 0.04
Time to conception
  Ca2+ (per 0.1 mmol/l change) 1.16 1.01 to 1.33 0.04
  Farm
  (Baseline: Farm 1)
   Farm 2 0.88 0.56 to 1.38 0.58
   Farm 3 1.42 0.69 to 2.92 0.34
   Farm 4 0.84 0.50 to 1.42 0.52
  Assistance at calving 0.70 0.46 to 1.05 0.09
  Endometritis 0.67 0.41 to 1.07 0.09
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as in the present study. Additionally, Wilhelm et al11 
considered total serum calcium concentration as 
opposed to Ca2+ concentration which can be affected by 
blood pH and protein concentrations.
No significant association was found between 
Ca2+  and endometritis. This is in agreement with 
Chapinal et al33 and Chamberlin et al,12 but in contrast 
to Martinez et al19 who found increased incidence of 
metritis in cows with subclinical hypocalcaemia. This 
may represent a genuine lack of association or it may 
be that the incidence of endometritis in the study 
population (25  per  cent) meant that statistical power 
was insufficient to detect an association. Martinez 
et al19 was notable for a higher incidence of metritis 
within the study population (47.3 per cent) compared 
with the studies where no significant association was 
found (Chapinal et al,33 16.7  per  cent; Chamberlin et 
al,12 8.0 per cent).
The poorer fertility parameters seen in cows with 
lower blood concentrations of calcium could be due 
to impairment of physiological processes involved 
in return to ovarian cyclicity, expression of oestrus 
and ability to conceive and maintain a pregnancy. 
Putative mechanisms by which this could occur 
include increased negative energy balance in cows 
with lower calcium,7 12 19 reduced ovarian blood flow,22 
reduction in immune function19 20 and reduction in 
uterine contractility, and hence involution in cows 
with lower calcium.15–18 Evaluation of any association 
between  Ca2+ concentration and the physiological 
processes occurring between calving and conception 
would be a useful direction for future research.
A proportion of cows in the study population received 
calcium boluses (after blood sampling) due to on-farm 
protocols and therefore administration of calcium was 
offered as a variable to the statistical models. It did not 
remain in the models for time to first service and time to 
conception. It remained in the model for endometritis 
but at low significance (Table  4). It is not possible to 
conclude from this study whether or not administration 
of calcium boluses has any impact on reproductive 
outcomes, therefore bolus administration after calving 
may not be a substitute for prevention. A previous 
randomised controlled trial by Oetzel and Miller34 
found no difference in time to conception between 
bolus-treated and untreated groups.
In conclusion, there is a negative association 
between blood Ca2+ concentration in the first 24 hours 
after calving and both time to first service and time to 
conception. This implies that management policies that 
minimise the reduction in blood Ca2+  concentration 
in the periparturient dairy cow are likely to improve 
reproductive outcomes. Farmers and veterinary surgeons 
should consider the impact of periparturient blood 
calcium concentration as part of their multifactorial 
approach to optimising dairy herd fertility.
Acknowledgements The authors gratefully acknowledge the support given by 
Boehringer Ingelheim, ForFarmers and Woodley Equipment. Thanks are extended to 
veterinary surgeons Amy Coates and Amy Gillespie for assistance with blood sample 
collection. The time and cooperation of all the farmers whose herds were studied 
is much appreciated. This work was carried out by PJM in partial fulfilment of the 
requirements for the Diploma in Bovine Reproduction, University of Liverpool.
Funding Financial support for this research was provided by Boehringer Ingelheim 
and ForFarmers. Woodley Equipment supplied the Epocal Point of Care Analyser for 
the duration of the study. 
Competing interests None declared.
Ethics approval University of Liverpool Veterinary Research Ethics Committee 
(reference VREC318).
Open access This is an open access article distributed in accordance with the terms 
of the Creative Commons Attribution (CC BY 4.0) license, which permits others to 
distribute, remix, adapt and build upon this work, for commercial use, provided the 
original work is properly cited. See: http:// creativecommons. org/ licenses/ by/ 4. 0/
© British Veterinary Association (unless otherwise stated in the text of the article) 
2018. All rights reserved. No commercial use is permitted unless otherwise expressly 
granted.
References
  1  Horst RL, Goff JP, Reinhardt TA. Adapting to the transition between gestation and 
lactation: differences between rat, human and dairy cow. J Mammary Gland Biol 
Neoplasia 2005;10:141–56.
  2  Houe H, Østergaard S, Thilsing-Hansen T, et al. Milk fever and subclinical 
hypocalcaemia--an evaluation of parameters on incidence risk, diagnosis, risk factors 
and biological effects as input for a decision support system for disease control. Acta 
Vet Scand 2001;42:1–29.
  3  DeGaris PJ, Lean IJ. Milk fever in dairy cows: a review of pathophysiology and control 
principles. Vet J 2008;176:58–69.
  4  Eddy RG. Major metabolic disorders. In: Andrews AH, Blowey RW, Boyd H, Eddy RG, et 
al. eds. Bovine medicine: diseases and husbandry of cattle. 2nd edn: Blackwell Science 
Ltd, 2004:781–803.
  5  Massey CD, Wang C, Donovan GA, et al. Hypocalcemia at parturition as a risk 
factor for left displacement of the abomasum in dairy cows. J Am Vet Med Assoc 
1993;203:852–3.
  6  Bigras-Poulin M, Tremblay A. An epidemiological study of calcium metabolism in 
non-paretic postparturient Holstein cows. Prev Vet Med 1998;35:195–207.
  7  Reinhardt TA, Lippolis JD, McCluskey BJ, et al. Prevalence of subclinical hypocalcemia 
in dairy herds. Vet J 2011;188:122–4.
  8  Ribeiro ES, Lima FS, Greco LF, et al. Prevalence of periparturient diseases and effects 
on fertility of seasonally calving grazing dairy cows supplemented with concentrates. J 
Dairy Sci 2013;96:5682–97.
  9  Caixeta LS, Ospina PA, Capel MB, et al. The association of subclinical hypocalcemia, 
negative energy balance and disease with bodyweight change during the first 
30 days post-partum in dairy cows milked with automatic milking systems. Vet J 
2015;204:150–6.
 10  Neves RC, Leno BM, Stokol T, et al. Risk factors associated with postpartum subclinical 
hypocalcemia in dairy cows. J Dairy Sci 2017;100:3796–804.
 11  Wilhelm AL, Maquivar MG, Bas S, et al. Effect of serum calcium status at calving on 
survival, health, and performance of postpartum Holstein cows and calves under 
certified organic management. J Dairy Sci 2017;100:3059–67.
 12  Chamberlin WG, Middleton JR, Spain JN, et al. Subclinical hypocalcemia, plasma 
biochemical parameters, lipid metabolism, postpartum disease, and fertility in 
postparturient dairy cows. J Dairy Sci 2013;96:7001–13.
 13  Hove K. Cyclic changes in plasma calcium and the calcium homeostatic endocrine 
system of the postparturient dairy cow. J Dairy Sci 1986;69:2072–82.
 14  Rosol TJ, Capen CC. Calcium-regulating hormones and diseases of abnormal mineral 
(Calcium, Phosphorus, Magnesium) Metabolism. In: Kaneko JJ, Harvey JW, Bruss 
ML, eds. Clinical biochemistry of domestic animals. 5th edn: Academic Press, 
1997:619–702.
TABLE 4:  Multivariable logistic regression model for endometritis
OR 95% CI P values
Ca2+ (per 0.1 mmol/l change) 1.22 0.84 to 1.77 0.29
Farm
(Baseline: Farm 1)
  Farm 2 1.85 0.57 to 6.02 0.31
  Farm 3 1.60 0.37 to 6.97 0.54
  Farm 4 0.79 0.17 to 3.58 0.76
Calcium administration after 
calving
0.38 0.10 to 1.44 0.16
Season
(Baseline: Spring)
  Summer 5.51 1.24 to 24.37 0.03
  Autumn 1.87 0.35 to 10.11 0.47
  Winter 2.93 0.63 to 13.56 0.17
 | Vet RecoRD6
 15  Al-Eknah MM, Noakes DE. A preliminary study on the effect of induced hypocalcaemia 
and nifedipine on uterine activity in the parturient cow. J Vet Pharmacol Ther 
1989;12:237–9.
 16  Risco CA, Drost M, Thatcher WW, et al. Effects of calving-related disorders on 
prostaglandin, calcium, ovarian activity and uterine involution in postrartum dairy 
cows. Theriogenology 1994;42:183–203.
 17  Whiteford LC, Sheldon IM. Association between clinical hypocalcaemia and postpartum 
endometritis. Vet Rec 2005;157:202–4.
 18  Ward G, Marion GB, Campbell CW, et al. Influences of calcium intake and vitamin 
D supplementation on reproductive performance of dairy cows. J Dairy Sci 
1971;54:204–6.
 19  Martinez N, Risco CA, Lima FS, et al. Evaluation of peripartal calcium status, energetic 
profile, and neutrophil function in dairy cows at low or high risk of developing uterine 
disease. J Dairy Sci 2012;95:7158–72.
 20  Ducusin RJ, Uzuka Y, Satoh E, et al. Effects of extracellular Ca2+ on phagocytosis and 
intracellular Ca2+ concentrations in polymorphonuclear leukocytes of postpartum 
dairy cows. Res Vet Sci 2003;75:27–32.
 21  Kimura K, Reinhardt TA, Goff JP. Parturition and hypocalcemia blunts calcium signals in 
immune cells of dairy cattle. J Dairy Sci 2006;89:2588–95.
 22  Jonsson NN, Daniel RC. Effects of hypocalcaemia on blood flow to the ovaries of the 
sheep. Zentralbl Veterinarmed A 1997;44:281–7.
 23  Jonsson NN. The effects of subclinical hypocalcaemia on postpartum fertility. Cattle 
Practice 1999;7:255–60.
 24  Eicker SW, Gröhn YT, Hertl JA. The association between cumulative milk yield, 
days open, and days to first breeding in New York Holstein cows. J Dairy Sci 
1996;79:235–41.
 25  Cobo-Abreu R, Martin SW, Willoughby RA, et al. The association between disease, 
production and culling in a university dairy herd. Can Vet J 1979;20:191–5.
 26  Borsberry S, Dobson H. Periparturient diseases and their effect on reproductive 
performance in five dairy herds. Vet Rec 1989;124:217–9.
 27  Suriyasathaporn W, Nielen M, Dieleman SJ, et al. A Cox proportional-hazards model 
with time-dependent covariates to evaluate the relationship between body-condition 
score and the risks of first insemination and pregnancy in a high-producing dairy herd. 
Prev Vet Med 1998;37:159–72.
 28  Chapinal N, Carson ME, LeBlanc SJ, et al. The association of serum metabolites in the 
transition period with milk production and early-lactation reproductive performance. J 
Dairy Sci 2012;95:1301–9.
 29  Caixeta LS, Ospina PA, Capel MB, et al. Association between subclinical hypocalcemia 
in the first 3 days of lactation and reproductive performance of dairy cows. 
Theriogenology 2017;94(Suppl C):1–7.
 30  Sheldon IM, Lewis GS, LeBlanc S, et al. Defining postpartum uterine disease in cattle. 
Theriogenology 2006;65:1516–30.
 31  Noakes DE. Fertility and obstetrics in cattle. Oxford: Blackwell Science Ltd, 1997:146.
 32  Edmonson AJ, Lean IJ, Weaver LD, et al. A body condition scoring chart for holstein 
dairy cows. J Dairy Sci 1989;72:68–78.
 33  Chapinal N, Carson M, Duffield TF, et al. The association of serum metabolites with 
clinical disease during the transition period. J Dairy Sci 2011;94:4897–903.
 34  Oetzel GR, Miller BE. Effect of oral calcium bolus supplementation on early-lactation 
health and milk yield in commercial dairy herds. J Dairy Sci 2012;95:7051–65.
